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Outline

e Self-Modulated Laser Wakefield Accelerator (LWFA)

- Observations
Self-Trapping (~ 100 MeV, é6v/v ~ 100%)

Wake Amplitudes E, < Ejg
(Below Wavebreaking)

- Coupling to Raman Backscatter
Slow Beat Wave = Trapping
Fast Wakefield = Acceleration

- Trapping Threshold: E, < Ejy

Lower Threshold for Linear Polarization

o Standard Laser Wakefield Accelerator (LWFA)

- Injection by Colliding Pulses
Forward and Backward Laser Pulses

Slow Ponderomotive Beat Wave

- Relativistic Electron Bunches
Ultrashort ~ 1 fs
Small Energy Spread ~ 1%

- 3D Test Particle Simulations



Laser Wakefield Accelerator

T. Tajima and J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)
Review: E. Esarey et al., IEEE Plasma Sci. 24, 252 (1996)
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Ultrahigh Power Lasers
LBNL NRL

e Laser power: Fy
Py [GW] = 21.5(aor/A)°

r; = laser spot size

e Laser strength parameter: ag E,
> a9 =eA|/m.c®=qvy/c
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e Laser intensity: I

ap ~ 1079 \[um] (I()[W/cmz])l/2

e For A\~ 1 um

Ip 21018 W/em? = a9 2 1 l

= highly relativistic quiver motion

e Compact lasers technology®

>10'8 W/cm?, 210 TW, 210J, <1ps

*Chirped Pulse Amplification, G. Mourou et al. (1985)
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[.aser wakefield excitation

*Laser pulse excites a plasma wave via the ponderomotive force

Normalized E; and dn/n
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Electron density oscillation
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ﬁPlasma channel: structure for guiding laser and supporting wake

Goal:

Guide 1018 W/cm?2 pulses over many
diffraction lengths

40
30

Approach: 5 10 29 (8 Shadwick uCB/CeP)

Preformed channels production through hydrodynamic shockwave in plasma

= Dual pulse Ignitor-heater scheme



Wakes in Hollow and Parabolic Channels
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Self-Modulated
Laser Wakefield Accelerator
(SM-LWFA)
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e Operation Regime

- Pulse length: L > X, ~1//ng

- Power: P> Py ~1/ng
For fixed L, P p=2.Tw

. SN B e
= Operate at high ng =137 Om

Ez > l0o &Y/
e Enhanced wakefields/acceleration

. . —p> Self -Trapping
- Higher densities: E; ~ (/ng

- Resonant excitation

le, Esarey, Krall, Joyce, Phys. Rev. Lett. 69, 2200 (1992)
Andreev et al., JETP Lett., 55, 571 (1992)

Antonsen and Mora, Phys. Rev. Lett. §9, 2204 (1992)



7,,! Table-top accelerator creates energetic, ultrashort, and ultrabright electrons

o v A relativistic electron beam is created when an ultrashort (400 fs) laser pulse is

s focused into a jet of Helium gas. Under the right conditions, energetic electrons (1-40
MeV) emerge in a well-collimated beam. The acceleration occurs in less than 1 mm!

Supersonic
Helium Gas Jet

w,= 7 um (FWHM)
I=6x10"° W/cm?

L MeV
aser Electron
Beam Beam

/ t si 1 mm electron beam profile
aser spot size I‘- —'l b b

A=1.053 um

=400 fs {7
E=2]




The Profile of the Electron Beam Shows Three Concentric Components
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ULTRARAST Variation of the electron beam profile with increase of laser
== power for 2.3x10'® cm™3 plasma density
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* The FWHM divergence angles of the 1st, 2nd, and 3rd components are 20°-25°, 5°-10°,
and 1°-3°, respectively.

* Symmetric dark holes appear in the first beam component when the second beam
component appears.




8th Workshop on Advanced Accelerator Concepts, Baltimore, MD, July 5-11; 1998.

Single shot electron energy spectra in the NRL SM-LWFA

using a new multi-channel electron spectrometer

ePeak energy ~ 100 MeV eElectrons trapped in the wakefield
ePeak Acceleration field = 100-500 GV/m by backward Raman scattering’
o\Wakefield Amplitude, An/n, = 1
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Single Particle Dynamics
LEBNL. NRL

e Particle orbits/Phase space

v A /Tra pped Electron

“Potential - b

M “Untrapped

R
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Wavebreaking

NRL
e Cold nonrelativistic: [Dawsoﬁ, Phys. Rev. (59)]
| V- FE =4rwen,
(wp/c)Ey = 4menyg net oM i3

Ey = cmewy /e ~ n(l,/z[cm“:’] V/cm | €530 6%

Ex.: ng =107 cm™3 = Ey ~ 30 GV/m

\ R}: /Vim.(_)fﬁ p
e Cold relativistic: [Akhiezer, Polovin, JETP (56)] 36 A/

Vfluid = Uphase, Yp = (1 — vZ/c?)71/2

Ewp = V2(7, — 1)}/2E,

Ex.: 7p ¥ w/wp, ~ 300 = Ewp ~ 25E,

e Warm relativistic: |vfiuid + Ven| — Uphase
[Katsouleas, Mori, PRL (88); Rosenzweig, PRA (88)]

Ewn = (mec?[3T)V 2 f(v,, T)Ey | &> &

f('va T) ~ 1
Ex.: Eyp < Ewpg = T > 290 eV for Yp =2 300

2D avehsenking: TR [ (Mieh)



Self-Modulated LWFA: Trapping by BRS
Eucey ool FRL AP

e Two Stage Acceleration Process

1. Fast wakefield v, ~ ¢ (self-modulation/FRS)
High energy acceleration

2. Slow beat wave v, < ¢ (Raman backscatter-BRS)
Initial trapping and heating

pump laser (w, k) —

wakefleld v, ) —
(v Awcelershion

IWATAWNE
V \/

\,_,--f"'"_-

pump laser (w, k) —

— (w— wp, k) BRS light

=2 -_-._—.m.-—

BRS

beat wave:\(*up ~ w,/2k) —

Vp << C Tl Trappio,



Electron Phase Space

e Separatrices

JI\ u.l- P,‘!/""‘"A"E-




Electron Phase Space

e Separatrices

e

i Uq = ?f.lll'"‘{;




Self-Trapping Threshold

e Overlapping Separatrices:

7
ubeat > uwake U= &

max man MC

b0 > (1= Bpv)v10/2 — (apar)'/?

° £ M,

e Example: circular polarization
ag = 1.4, a; = 0.033, v, = 8.5, Bpp = 0.056
Umaz = 0.53
¢o > 0.54
(linear polarization: ¢o > 0.24)

(¢0,3p0 = 2¢0,1D)

e Note: 1D Cold Wavebreaking
dwp = vV2(7, — 1)1/2 ~ 3.9

ac= 10" L] T [Whert]



Test Particle Simulations

e Push electrons in specified 3D fields

rowoN

Ex:

. Pump laser: a;, = age

i(koZ—&)gt)

Raman backscatter: ag = &1ez(k1z—w1t)

. Wakefield: ¢, = dpei(krz=wrt)

DC space charge: ¢,. = (1 +a2)/? —1
Envelopes: a9 = ag exp(—r?/r2 — (?/L?)

Dispersion: w1 ~ wy — wp, k1 =~ —2kg

ap = 14, a; = 0.03, ¢9 = 0.3, Ay = 1 um,
ro = 4 pm, wp/w, = 8.5, ng = 10'* cm™3, P ~
P.=13TW

(_Z— Vfgﬁ)i AP



1D Linear/Circular Polarization
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Longitudinal Phase Space

3D Linreac Colatizatiin
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Total No. of Trapped Electrons

e Self-Trapped Electrons
Ny ~ ft,,.nom“?ch
ftr = 1%, 7y =2 pm, L, =1 mm, ng = 10 cm™?
Ny ~ 10°

e Beam Loading Limit
Ny =~ 5 x 105(E, / Eo)ng’*[cm ™3] A[cm?]
Ny ~ 10°




Maximum Energy Gain

e Conventional Result (3D Separatrix Theory)
Ymaz = 2712)EZ/E0
fyz?; ~ w%/wg
e Self-Channeling Forces (1D Separatrix Theory)
Ymaz = 47,2,EZ/E0
e Nonlinear Effects
2

. _ 2
Relativistic effects: w; — wz /v,

Self-Channeling: n < nyg

Y5 — YL(no/n)w§ /w2

Ymaz = 2[7L(n0/n)]*/? - [2(wd /w2)E. | Eo)

Vi \

/ v = (14 a§)/? \

Covrection Converhiond|
A~ T-(0




Electron Injection in LWFAs

e External Injection (e.g., RF Gun)

T}g =

Pump Laser Pulse

-
T >

Plasma Wave Wake

>
(=z-ct

k~100 £ -4 Lhuanch << 100 £5

e Laser Injection [Umstadter et al, PRL (1996)]

Injection
Pulse

Pump Pulse
/

'z_’L =10 §s
3 ax . 20%
(=z-ct
&1~dn”l

Ponderomotive Force F), ~ VI ~ aﬁ/rn

Injects Electrons into Wakefield
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Laser Injection: Colliding Pulses
LBNL NRL

Esaren <fal PRI (1197)

A
ai’ ¢‘ aﬂ(mﬂ’kﬁ)
Injection Pulses Pump Pulse
Forward Backward Vg = C
o,k a,(®,,k,)
al( 1 l) 2 Zk'.! aa}y{
i “ : , F

N Ry = & (Z*U‘{
" Fast Wakeﬁeldw k? g

Up =2C

Slow Ponderomotive Beat Wave: F, ~ d(ajaz)/0z

Fp ~ (k‘l B kz){il ﬁz COSs [(kl i kQ)Z == (wl - wg)t]

et o < l\ «
~ — —(j ' -.....
Up k1 + k‘g 219;; 2LLJ[].

@ Slow Beat Wave (UPH C) —p I,,,'{{_N FQIPF"B*'#“’H"&
@ Fost wo-ke-Cte:(cL (Vprt:.) — Acgdgpoj-,'ﬂn



Resonance Overlap: Conditions for Trapping

2.0

1.51

[(}’ﬁ )bem]nin < ()'ﬁ )wmmpped LO:

0.5

“: of

(B )hear Vonax 2 (VB )rrappea 05|

1.0}

151

Solutions: 5a. = 1-H
e 4?5(&;! - ﬁb)

1
c{}s‘yopf =¢0_l|:7b(l - ﬁbﬂ.p)yl(o) *E (1 + H):I

for trapped orbit: H < ‘y: +0,

for trapped and focusing orbit: H = < 1; :

Th ~eS hol (.5\,'- TF'“-PP ecl+ F‘-‘ U""Jffd

a; 7 0.25

7.9 [0qu w/c.m"*

!

C. B. Schroader of al.



Analytic Estimations:

0.14

Threshold injection pulse
amplitude for trapping:

0.2 -0.15 0.1 -005 0 0.05 0.1

B,

Optimal wake phase for
trapping:

.02 -0.15 -0.1 -005 0 005 0.1

B,

Minimizing injection pulse amplitude
will reduce required laser power,

PIGW] = 43(4,/A.)

C. B. Schroeder of al.
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Particle Motion in

Plasma Wake:

I{IF

£
.
!

Unpopulated
orbits Sa

0 s -
18 16 14 12
Y
1.5 v -
Orbit with
1 5 injection pulses
05l ", Plasma Wake
‘ S Separatrix
» \ ‘h“ l '.,,“
0‘ i ~ -, . . . . -"‘-J
. w “- ‘-"."'-".-'- i
0.5} Orbit without ™ _ _ -
injection pulses

-14  -135 -13

-125  -12 -115

-11

Phase space orbits of
electrons in the plasma

wake (without injection):

Trapped orbits =
Untrapped orbits ™
Separatrix -

Plasma electrons
(fluid oscillations)

Example of trapped
electron orbit

C. B. Schroeder of al.



Simulation Parameters 3D Fields

Rc‘cvcm!- +o P"oposedt gxpemmew{? o L8N/

Plasma wavelength A, 40um  (n=7x10"cm?)

Pump pulse wavelength Ao 0.8uUm (7, = gh = 50)

Pump puise length L, 40 Hm ’

Pump pulse amplitude a, ~-0.9 (wake amplitude =¢, ~ 0.7)
Pump pulse power P, 5TW (spot sizer, ~ 15um)
Colliding pulse amplitude a, =a, ~04

Colliding pulse length L=L, 1o0pm (308)

Colliding pulse power P,=P, _1_T_\_O_V_

Beat wave phase velocity ﬂn 0.2

C. B. Schroeder ef a/.




Electron Orbits:

Longitudinal phase space evolution of distribution of plasma electrons

2=0.23

Before collision

-15-14-13 -12 -11 -10 -9 -8

14

-8

14

uring callision

2=0.25mm

80

70t
60f
50¢
Yﬁz 40}
30}

20f
10t

-15 -14 -13 -12 -11 -10 -9 -8

14

z= 0.95mm

Ultrashort

Relativistic bunch j

-15-14 -13 -12 -11 -10 -2

v

Mean energy = 39 MeV
Bunch duration=1 fs

Energy spread = 0.08 MeV

C. B. Schroeder ef al.



3-D tracking simulations indicate colliding pulse scheme
produces high brightness beams™

Plasma wavelength = 40 pm (ny=7x10'7cm"3)
Laser wavelength = 0.8ym,

P

_Optimization for

minimum injection pulse power|

drive pulse power = 5 TW in 120 fs, colliding pulse power = 1 TW in 30 fs
Pump pulse amplitude = a, = 0.9, colliding pulse amplitde = a4 2 = 0.4 (spot size = 20 ym)

v 0.06 v -
35
€ ;0 |ibunchlength~1fs }0.05 »
® 25 Gy b | o, /4)~1%
3 20 T bos |
g 1.5 '\Y /] -
o P
o
045 0S5 055 06 065 |
Vaa, | 045 05 055 06 065
Jaa,
g — %l.d 1 0} oest
Hr B R
. 3 - 17 -3
"E— 0.8 {el-lmm-mrad = oi‘ossg 0rn,-7>:lO cm,
g g 06 g aos f N puas ~ 10 electrons
E,s 0.2 g oiouE
; : qoz
04 0.45 0.5 0.55 06 | F_.u___a.a__as__n.ﬁ__.aa_-umwf
NG,a, NCCA

* C.B. Schroeder ot al., Phys. Rev. E., in preparation




Trapped Electron Bunch Dynamics:

0 0.1 0.2 0.3 0.4 0.5
Interaction Length (mm)

0 0.1 0.2 0.3 0.4 0.5
= Interaction Length (mm)

-13.4
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-13.8
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-14.0

0.35
0.30
0.25
0.20
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0.10

B

0.175 /

0.15
0.125
0.1
0.075
0.06
0.02

0 0.1 0.2 0.3 0.4 0.5
Interaction Length (mm)

3.0

28

28

2.4

2.2

2.0

Relativistic Electron Bunch:
* Constant bunch length, O,
» Asymptotic fractional energy spread

a,/{r) =0, cotly)

C. B. Schroeder of a/




Number of Trapped Electrons:

The number of trapped electrons can be increased by increasing the
injection laser spot size (i.e., increasing the injection laser pulse power).

L6 T T T T T T

1.4

1.2

Number of trapped 1.0
electrons vs spot

size of laser pulses. 0.8

N, (x107 electrons)

0.6

0.4

LULER A DR AR BLEN B AN AR SRR AN SRR AE IR AR AR AR LA

PR WU WIS S VAN W VNN SR S S VHEE VN W ST SN SN N SR SR

aaadaas b ) a b i}t aaataes

0.2

S
o

15 20 25 30

Spot size (microns)

W
(V)

C. B. Schroeder et al.



Space Charge:

Envelope Equation: : : :
ooy o’'+(Y/y)o. +k’c, = 2(1/] ) 4
Yo, Y 0’
Ratio of emittance and space charge terms: 21 o; L
Beam is emittance dominated. : A, Si
E(space charge) << E(wake) if ni: a;
n, k,O.

This condition is satisfied — Space charge effects are small while
bunch remains in the plasma.

C. B. Schroeder of &/



Conclusions

e Self-Modulated LWFA (L > },)

“Wavebreaking” not required for self-trapping

e Two-Stage Acceleration Requires:
Slow RBS beat wave v, < ¢: Initial trapping

Fast wakefield v, ~ c: Acceleration

e Trapping Threshold: FE, 2 0.2F,
Overlapping separatrices

Lower threshold for linear polarization

e Maximum Energy

Focusing via self-channeling
Ymaz = 47}2;(E2/E0)fNL

e Trapped Electrons
Inherently large energy spread (100%)
Wiez ~ 50 MeV in 1 mm
€, ~ 1 mm-mrad
Ny ~ 10° e~




Conclusions

e Standard LWFA (L ~ \,)

e Injection by Colliding Pulses
Forward Pulse (w, k)
Backward Pulse (w — Aw, —k)
Collide: Beat Wave (v, ~ Aw/2k)

e Two-Stage Acceleration:
Slow beat wave v, < ¢: Initial trapping

Fast wakefield vp = c: Acceleration

e Control of Injection Process: v,4(Aw), a;, 7

e Trapping Regime: E,/Ey > 0.5
w;/wp ~ 100, Aw/w, ~ 10, ng ~ 107 ¢cm=3

Injection Pulse: 7, < 100 fs

a; > 0.3 - I, > 1017 W/cm2 %BF
Electron Bunch: 7, ~ 3 fs ! So
-7 gl A

27 MeV +0.32% (0.14 cm)

gy ~ 1018 cm=3 ~ T rwm Mﬁ:lx(l

4 [04 e’
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% Summary of Experiments on Self-modulated LWFA (AAC98)"

RALACLA NRL Univ. of Michigen |
Laser 3 R 2 L
Wavelength & [um) 1.0% 1.0% 1.0%
| Pulse length [fs] Ll 400 400
Peak power P[TW] F] ] ]
Intensity af Focus (Wicm?) drlmet 2500 x o -
Rayleigh length [um] a0 b 114
| _Rep. Rate singhe shot one’3 min o7 oM
Placaaa
Sawee P et st e et
Plasma species H, He He He
Masma density n_[cm '] Saloe - Ixioe Walin o
Plasma length [mm] 4 i 1
Laser guiding el l- guided sef- guided el guided
PP fou 21 AL 3
Wakelleld
Plasma l'n\d_ﬂu[m A, bl.m] LE] 6 f
Wakefield amplitude, An‘n [Tk =1 0
Detuning length, & Y [um] 00 o T 200
Acc. Twld, nn (o ) [G V] TR B 1%
Wakefield duration [ps| Bt measured 5 i
Trapplug Mechaniam self-trapped 7 stage acc_ by self-trapped
RBS
Accelerabed slectrons A
Max. energy gain [MeV] hail 1380 Yo£30
™ Toal # of el ac. iie 0% (> | MeV) 1r*
1T Mux ol AF_ ["WeVis] 3 1 ixlr
SN # AE : 1 3
T Thvergence of acc el lexs than laser 1.3 degrees
divergence s
Plasma SokerAnti. |0 formard Raman | onllective Thomson
Stokes Thomson it oall.
watl of Probe W Thomsn
Mo scall, of ekt
wedl- gen 1l
Flectrms slecinmagnetic fch one Channel
spectnwmeter electromagnetic dlecirmagnetic
specimmeter/ scint specimomeier wire
iflating AberPMT chamber detecton
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ry of Experiments on Selfsmeadulated LWFA (AAC98)*

KEK/JAER] Tcole Polyiechnique |
Laser
Wavelength A [um] 019 TO%7
Pulse length [fs) e 400
power 1 15 13
Intensity at Focus [W/icm?] Txl 7 ) "4_51(}11'_
Rayleigh length (km| U670 2000
Rep. Rate 10 Hz one/S min
Plasma
Source backfilled backfilled
Plasma species He | e EEEE
Plasma density n_[cmY] 1.4x10"* 2.2x10#
Plasma length [mm] 20 25
Laser guiding self-guided ~ no
PP _ 0.14 -0
Wakeflekd
Plasma wavelength A _Ebm] 29 226
Wakefiekl amplitude, 0.11 (calculated) 0.1 {cakulated)
Detuning length, 1"‘4‘1 (mm]) 40 > '
Acc. ficld. _n/n (np)172 [GV/m] 15 (calculated) 1.5
Wakefield duration --_Ips ' -1 I:I. _____
Injection
Injector TGHz RF linac VandeGraaft (CW) |
Injection energy [MeV] 17 B i _E____ [T
El./bunch 1 nC 300 _A (CW)
[ Phase occupied 300
Accelerated electrons i
Max_ energy gain [MeV] 300 R T
Total # of el. acc. 2x 104 %ﬂ McV) 200
[ EL flux at _emax [/MeV/sr] 4
v LiEEY. : R . : A
Divergence of acc. el. mureported not reported 3
agnostics
Plasma Thomson scatl 0" forward Raman scait.
FDi-wakeficld 90" Thomson scatt
Electrons Desmarnques screen-spot size high acceptance double
Cerenkov light-pulse length, focusing

timing

32 ch. scintillator and magnet-

CNCTEY

spectrometer/17 ch.
scintillating fiber/PMT

a 0.15 McV binning
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Summary of Experiments on Laser Guidi

ng (AAC98)"

R
] 0.1 03 0.l 1. ) l..l..'i,ﬁ
5 2
n 5 10-20 variable variable W0 00
i M¥
gl 1-3xloes 1 &xlone Txl(pe x100. Lx | (e S 10x 10
{ixl0'% i Gy 10
Relativistic | Relativistic | Relativistic | Hydro Hydro Hydro Hydro
2xI0"” TICE A 0 IR 10" AT N
He H He He N/H, | Ar+NO He CH,
min/shot Tminfshot | 3 min/shot | 10 Hr 10 Hz X0 Hr min/shot
{few 100
shotefcapill)
et jet jet jet jet bac kil
FAFT 3 TOrR Jeq kL) 1% (lem)
S0% (3 cm)
10%% (6 cm)
113 133 (3 l L34 33 [ L

*: W.P. Leemans and E. Esarey, AAC98 Proceedings



